In this work, a numerical and experimental study is performed to evaluate the affecting variables on energy efficiency of a novel regenerative evaporative cooler utilizing dew-point indirect evaporative cooling. For first time, an investigation is experimentally and numerically carried out to study the effects of the channel number on important parameters such as product temperature and humidity ratio. Investigations are carried out for five configurations with various channel numbers. The comparison of the numerical and experimental results is obtained and well accuracy observed. For the five studied configurations, the results show that with an increase in the number of channels, the outlet temperature decreases. For an inlet air flow rate of 100-600 m 3 /h, the cooled outlet flow temperature changes to the range of 23.4-30. 7°C, 19.7-28.3°C, 18-26.4°C, 17.2-25°C and 16.6-23.8°C. For the configurations with finned channels, the percentage of increase in produced air temperature reaches 11.5% for HMX B, 18.6% for HMX C, 23.4% for HMX D and 26.9% for HMX E, as compared with HMX A.
Nomenclature

Introduction
Buildings are considered the major energy utilizers in numerous countries; they can unfavorably consume natural resources and emit lots of greenhouse gasses into the environment Ahmadi et al., 2019) . Clearly, water heating (Mohammadi, Ahmadi, Bidi, Ghazvini, & Ming, 2018) , space cooling and heating (Hossein Jahangir, Ghazvini, Pourfayaz, & Hossein Ahmadi, 2018; Jahangir, et al., 2018 ) perform a crucial part in energy savings. The buildings' energy consumption correlates largely with HVAC (heating ventilation and air conditioning) units . In order to increase energy savings and decrease carbon emissions, improving the efficiency of HVAC systems can be one of the most important techniques.
Providing thermal comfort is one of the most important priorities in the design of viable HVAC systems. In developed countries, heating ventilation and air conditioning consumes about 50% of the energy consumption in buildings (Tzivanidis, Antonopoulos, & Gioti, 2011; Yang, Yan, & Lam, 2014) . Considering the environmental issues within cities as well as energy costs, identifying up-to-date systems that can be replaced by conventional solutions is of importance. Thus, the advancement of such technologies is an important issue.
In order to improve cooling performance, one possible task is to modify the structure of the heat exchangers which play an important role in heat transfer (Ramezanizadeh, Alhuyi Nazari, Ahmadi, & Chau, 2019) . Pesteei, Mashoofi, Pourahmad, and Roshana (2017) studied a double-tube heat exchanger with corrugated inner tubes. They used semi-elliptical corrugations on the outer side of an inner tube of a heat exchanger and this method delayed the separation of flow. Another method to increase the efficiency of using heat exchangers or other instruments is the application of numerical methods (Akbarian et al., 2018; Chau & Jiang, 2004) . Numerical simulations make it possible to improve performance and answer the question of which points have design problems. Then different solutions to these defects can be offered which can be tested without any construction work or costs. Thus, numerical solutions are used to perform parametric studies and to establish the thermal performance enhancement (Chau & Jiang, 2002) .
Evaporative cooling is one of the more attractive technologies in the air conditioning industry due to its simplicity, low maintenance costs and relatively high efficiency. While the main disadvantage of such a system is its low cooling capacity, significant and technical advancements arising in this area make it an attractive technology (Cuce & Riffat, 2016; Duan et al., 2012) . The problems of high humidity and low capacity are eliminated with the introduction of regenerative Indirect Evaporative Cooling (IEC) (Maisotsenko, Gillan, Heaton, & Gillan, 2001) . Based on the theory of such a system Chen, Yang, and Luo (2016) indicated that the two parameters of channel gap and cooler height are important. Fakhrabadi and Kowsary (2016) studied and optimized a regenerative HMX (Heat and Mass Exchanger). They proposed 0.4 as the optimum value of workingto-product air flow ratio. Hsu, Lavan, and Worek (1989) analyzed wet-surface HMXs. In this work, the wet-bulb effectiveness of 1.3 was calculated. Chen et al. (2016) presented a new numerical model. The Authors stated that the most important parameters are cooler height, channel gap and air flow ratio respectively. Kumar (2010a, 2010b ) considered a counter-flow dew-point unit and evaluated its performance through experiments and numerical methods. A good agreement between the results of the numerical model and experimental data was found. The HMX presented dew-point effectiveness from 58-84% and wetbulb effectiveness from 92% to 114%. Lee and Lee (2013) performed an experimental investigation in various operating conditions. In order to increase the surface wettability, a thin porous layer coating was used. In this work, water mass flow rate was under consideration and they stated that to increases the cooler performance, the water mass flow rate should be minimized. Bruno (2011) investigated experimentally a commercial and a residential application of the IEC system. It was monitored in residential application that cooler performance obtains higher effectiveness either in the wet bulb or in the dew point.
An investigation was experimentally and numerically performed by Jradi and Riffat (2014) . They reported that for an inlet dry bulb temperature of 30˚C and a relative humidity of 50%, dew-point and wet-bulb effectiveness attained 78% and 112% respectively. Huang, Li, Lu, and Li (2017) introduced IEC with two types of typical heat recovery. They compared vertical and horizontal IECs and concluded that the vertical IEC has higher thermal performance. Bălan (2016a, 2016b) presented a review of IEC operating technology, conditions and performance. This study investigated IEC from theoretical and practical viewpoints. Moshari and Heidarinejad (2015) presented the numerical modeling of different indirect and REC (regenerative evaporative coolers) and investigated the effect of pre-cooling the working air on cooler performance.
Reviewing the literature shows that research in this field includes the effect of inlet conditions, the channel dimensions (length, width, height, shape of cross section), the ratio of working fluid to product air, wetbulb efficiency, dew-point efficiency and cooling capacity. As has been realized, no research has conducted a study of the effects of channel number on the energy efficiency of an HMX. In this study the effect of channel number on product air temperature is studied. The influence of channel number on outlet temperature, wet-bulb effectiveness and dew-point effectiveness are also investigated. Therefore, a numerical simulation is carried out for five HMXs with different channel numbers. In addition, to validate the numerical results, an experimental study is performed.
Description of REC configurations
The configuration of a Regenerative Evaporative Cooler (REC) is an exchanger that is made up of numerous aluminum heat transfer sheets. A part of inlet air passes to the head of the dry passage and then returns back to the wet passage. At the end of the wet channel, there are vertical air guides directing the air stream upwards. Sides of the wet channel are applied with a water-absorbing coating. The remaining air stream is introduced to the cooling space as product air. According to Figure 1 , the inlet air goes along the dry passage; at the other head of the dry passage product air is extracted by cooling space and returned back in the wet passage. This is called working air. Five configurations are considered here which are listed in Table 1 . The first configuration, IEC HMX A, has seven dry channels. The other IECs (HMX B, HMX C, HMX D and HMX E) have 15, 23, 31 and 39 dry channels, respectively.
In the present experimental work, the countercurrent arrangement for air is considered for the horizontal regenerative cooling system. For the sake of enhancing the rate and quality of heat and mass transfer between channels, air stream and water flow cross through a thinfilm wall plate. In the construction of the exchanger, it should be noted that wall plate of wet and dry channels should be thin enough and made of a high water retention material for wet walls; the dry channel must be made of an impermeable membrane. In order to prevent corrosion, non-corrosion material is used in manufacturing the evaporative cooling system. A water spray system is used at the top of the horizontal configuration of the regenerative evaporative cooling system to saturate evenly all wet channels. To connect the components, moisture resistant glue is applied to the surface. To saturate all wet channels, a distribution system for water is implemented. The components of the regenerative evaporative cooling system are equipped with several dry and wet passages. To create the HMX, some non-metal materials can be employed, while copper and aluminum are the most adequate metals. Here, a thin-film aluminum coated Rayon sheet was selected. The thickness of the aluminum and sheet is 0.3 mm. A fin type duct is used at the end side of the wet channels to guide extracted air to the outside. The fin type duct is made of aluminum and attached with glue to the HMX. The dimensions of the fin type duct are presented in Figure 2 : a height of 400 mm, length of 100 mm and thickness of 0.2 mm. The total channel length, HMX and fin type duct together are 600 mm. The space between the walls is 5 mm. The HMX have 23 dry channels and 22 wet channels with rectangular configuration. A horizontal configuration water feeding system is distributed to supply water over the HMX and saturates all wet vertical channels.
Experimental
The experimental facility consists of a preconditioning system and a dew-point IEC system. Figure 3 presents the set-up. A frequency inverter is utilized to control flow rate. To increase the temperature of input air, a few electrical heaters are implemented. To control air humidity, water sprays are located after the electrical heater by injecting water fog. To have uniform income of air into the HMX, an air-flow straighter is provided to obtain homogeneity of temperature and relative humidity. By using proper spray, water is distributed over nozzles. Table 1 presents specifications of this HMX.
In order to assess and evaluate the thermal performance, data needs to be measured and recorded for a period of days. Relative humidity, air temperature and flow rates of inlet air, relative humidity and air temperature of product flow, and relative humidity and air temperature of working flow should all be measured. All of the measuring devices were calibrated simultaneously against a laboratory standard prior to the tests. The specifications of instruments used are presented in Table 2 .
Numerical analysis
In this work, to understand the behavior of the cooling process through the evaporation cooling system and to simulate flow and energy transfer through the exchanger, numerical simulation is also carried out. To simplify the analysis, assumptions are as below: (1) Heat transfer between the outer surface of the exchanger and its surroundings is negligible;
(2) The air flows in all wet and dry channels are hydrodynamically and thermally fully developed; (3) The total properties related to thermophysical properties are assessed at an average temperature;
(4) The process is considered adiabatic and flow is considered incompressible and steady state; (5) Water was uniformly distributed on the wet channel surfaces; (6) The channel walls' thermal resistance can be neglected. 
Differential equations for dry channels
For the control volume of Figure 4 , the energy balance equation is as below:
where U Z , T wall , T P ,ṁ p and H p are overall heat-transfer coefficient (W/m 2 K), surface or wall Temperature (°C), product air Temperature (°C), product air mass flow rate (kg/s) and product air enthalpy (J/kg), respectively. The total heat transfer coefficient between the water film and intake air is presented as follows: 
where h p , δ, k wall and h water are product air convective heat transfer coefficient (W/m 2 K), thickness (m), wall thermal conductivity (W/m 2 K) and convective heat transfer coefficient of water film (W/m 2 K) respectively. Air is assumed as an ideal gas, thus enthalpy could be considered as a function of temperature as follows:
where cp p is specific heat capacity at defined pressure. Then, the above-defined equations, Equations (1 and 3), can be re-ordered and written as follows:
where b is Width of wall (m).
Differential equations for wet channels
The mass equilibrium for flowing air and water film in wet channels is given by:
whereṁ water denotes the mass flow rate of water film (kg/s),ṁ wf indicates the mass flow rate of the working air (kg/s), and w wf represents the humidity ratio of the working air (kgH2O/kgair). m wf ,a dw wf ,a = h m( w wf ,s − w wf ,a )σ dA (6) where σ is surface wettability factor. The convective mass transfer coefficient presented as:
Le is Lewis number. For the control volume (c), the energy balance equation is given by:
Rearranging Equations (7-9), the following equations are achieved:
As a result, enthalpy of water vapor could be given as:
where H 0 is latent vaporization heat of water. The enthalpy and specific heat capacity of moist secondary air are as follows (Arora, 2000) :
Rearranging Equations (6 and 11-14), the following equations are achieved:
Differential equations for water film
The energy balance equation for Figure 4(d) is given by:
− dq p − dq wf + dq water =ṁ water dH water + H water dṁ water (17) Rearranging Equations (1, 3, 8 and 17) , the following equations are derived: m p C p p dT p +ṁ wf dH wf +ṁ water C p water dT wall + C p water T wall dṁ water = 0 (18)
Performance assessment of a Regenerative Evaporative Cooler
The wet-bulb effectiveness of the Regenerative Evaporative Cooler (REC) is given by Equation (19).
In a similar way, dew-point effectiveness, dp , can be mentioned as (Zhao, Li, & Riffat, 2008) . T dp is dew-point temperature of air.
ε dp = T db,in -T db,out T db,in -T dp,in (20)
Boundary conditions
• Dry channel and inlet temperatures are equal (T dry = T in at X = L); • The inlet temperature of the duct is equal to the dry channel output temperature (T wet = T dry at. X = 0); • The humidity of the duct entrance is equal to the humidity of the dry channel output (ω wet = ω dry at x = 0).
Validation of numerical method and error analysis
To validate the numerical model, novel layouts of REC have been monitored and the reported results were extracted from Riangvilaikul and Kumar (2010a) and compared with the present outcomes of the numerical and experimental models. This is shown in Figures 5 and  6 . In this work for inlet air, the variation of the temperature and humidity ratio is from 28.25-45.3°C and from 8.6 to 10.9 g/kg, respectively. The criterion for measuring accuracy of the numerical model is considered the outlet cooling air temperature. Numerical results show high accuracy. The most significant error is around ±6%.
To evaluate the accuracy of the experimental values an uncertainty analysis of instruments is carried out. The method proposed by Moffat (1985) is employed for uncertainty analysis. The uncertainty of temperature, humidity ratio and velocity are calculated and presented as below:
Results and discussion
For five cases of HMX, performance is investigated numerically and experimentally. The effects of inlet air conditions (i.e. pressure temperature, velocity and humidity) on the system effectiveness and the outlet air temperature are studied. For air inlet humidity ratios 8.6, 10.9 and 24.1 g/kg, the inlet air temperature's variation is between 25 and 50°C. Inlet air flow rate is also between 100 and 600 m 3 /h.
Influence of inlet air conditions
Considering the comfort level of the studied space, product cooling air affects the thermal condition. For different configurations, the product air temperature is depicted in Figure 7 (a-c) versus the variation of inlet air temperature. Inlet humidity ratios are 8.6, 10.9 and 24.1 g/kg. According to Figure 7 , increasing the inlet humidity and raising the inlet air temperature yields an increase in the product air temperature. Among the configurations, HMX E obtains lower product cooling air temperatures, the lowest among the other types. The 20°C and 25°C change of inlet air temperature causes an increase in product air temperature by 44.3% for HMX A, 29.5% for HMX B, 20.5% for HMX C, 14.7% for HMX D and 10.9% for HMX E. If the inlet humidity ratio increases 0.0155 kg/kg, the increase in product air temperature is 15.8% for HMX A, 31.3% for HMX B, 44.5% for HMX C, 54.7% for HMX D and 65.4% for HMX E. Thus, product air temperature variation shows that the water content of inlet moist air is the most significant influencing factor. In addition, the number of channels is another important factor. Increasing the number of channels improves the heat transfer taking place between the channel walls and decreases the product air temperature almost to 13.7% for HMX B, 21.3% for HMX C, 26% for HMX D and 29.2% for HMX E, relative to that of HMX A. For constant inlet air temperature, a decrease in channel number causes an increase in product air temperature; for constant channel number, an increase in inlet air temperature causes an increase in product air temperature. Briefly, cooler performance is noticeably affected by two inlet parameters: humidity and temperature. For various inlet humidity ratios of 8.6, 10.9 and 24.1 g/kg, Figure 8 presents the influence of inlet air temperature on wet-bulb effectiveness. As seen from the figure, wet-bulb effectiveness changes in the range between 51.3 and 57.8% for HMX A, for HMX E. The percentage of increase in wet-bulb effectiveness reaches 56.56% for HMX B, 87.95% for HMX C, 107.24% for HMX D and 119.92% for HMX E, as compared with that of HMX A. The result shows that when the inlet ambient temperature reaches higher temperatures, the wet-bulb effectiveness increases. This increase is due to the greater temperature reduction. A lower air humidity ratio also leads to greater wet-bulb effectiveness. This is because inlet air with a low amount of humidity absorbs moisture from water evaporation better than humid air. Thus for dry air, a more latent heat of evaporation and consequently sensible heat of air delivered more from the dry passage to the wet passage. The result of this heat transfer is a lower temperature of outlet air. Figure 9 shows the effects of temperature and humidity ratios on dew-point effectiveness. As such systems cool the air to the close of dew-point temperature, dewpoint effectiveness is considered a performance measurement criterion. Figure 9 discloses that when temperature and humidity of inlet air increases, a higher dew-point effectiveness is obtained. It also could be seen that the dew-point effectiveness varies between 31.7-45.8% for HMX A, 50.5-70.2% for HMX B, 61.6-82.6% for HMX C, 68.8-89.4% for HMX D and 73.9-93.4% for HMX E. For the novel REC with finned channels, the percentage of increase in dew-point effectiveness reaches 56.55% for HMX B, 87.95% for HMX C, 107.24% for HMX D and 119.92% for HMX E relative to that of HMX A. Values of dew-point effectiveness can be augmented with the help of increasing inlet air temperature. In a constant humidity ratio, higher inlet air temperature results in higher dew-point effectiveness. Another alluring result is that to achieve the highest dew-point effectiveness at a fixed inlet temperature, the inlet humidity ratio should be increased. This leads to a temperature increase for product air. In general, the higher the effectiveness, the lower the product air temperature. In order to achieve the lowest temperature in the product air, the humidity and the inlet air temperature must be simultaneously decreased. Figure 10 illustrates the variations of the influence of inlet air-flow rates at 33.5°C with a humidity ratio of 10.9 g/kg Figure 10 that the product air temperature is increased by augmenting the inlet flow rate. For an increase in air inlet flow rates from 100 to 600 m 3 /h, the product air temperature changes between 23.4 and 30.7°C for HMX A, 19.7-28.3°C for HMX B, 18-26.4°C for HMX C, 17.2-25°C for HMX D and 16.6-23.8°C for HMX E. For the novel REC with finned channels, the percentage of increase in product air temperature reaches to 11.5% for HMX B, 18.6% for HMX C, 23.4% for HMX D and 26.9% for HMX E compared to HMX A. For five configurations, the dew-point effectiveness is illustrated in Figure 10(b) versus the variation of inlet air flow rate. As dew-point effectiveness decreases, the inlet's air-flow rate increases. For the novel REC with finned channels, the percentage of increase in wet-bulb effectiveness reaches 67.79% for HMX B, 113.06% for HMX C, 145.72% for HMX D and 170.45% for HMX E relative to that of HMX A. As shown in Figure 10 (c), the dew-point effectiveness is augmented by increasing the inlet air-flow rate. In a novel layout of an indirect evaporative cooler which is equipped with finned channels, the increase in wet-bulb effectiveness reaches 67.77% for HMX B, 113.03% for HMX C, 145.72% for HMX D and 170.43% for HMX E compared to HMX A. To cool an environment by a cooler, it is necessary to have a sufficient air flow rate with a proper temperature. It is found in Figure 10 that product air temperature increases with the air-flow rate. Thus, for the optimum design of HMX, the temperature and flow rate of its product air should first be assessed. According to Figure 10 , an increase in channel number causes the potential of cooling spaces to increase. The result is the variation of cooling performance. However, it could be concluded that to have the same air flow rate, the size and consequently the cost can be decreased. 
Influence of inlet flow rate
Conclusion
Here, a numerical and experimental investigation was performed for investigating the thermal performance of the novel REC with finned channels in various inlet conditions. The current study investigates in particular the effect of channel number on HMX performance. Experimental values were used in order to validate the proposed numerical model and an acceptable accuracy was recorded. The comparison of the numerical and experimental results has been obtained and well accuracy observed. The experimental works were carried out for five different configurations.
It was observed that with an increase in channel number, the product air temperature decreases about 29.2% for HMX E in comparison to HMX A; however the wet-bulb effectiveness of HMX B, HMX C, HMX D and HMX E are 56.56%, 87.95%, 107.24% and 119.92% more than HMX A. For air-flow rates between 100 and 600 m3/h, the wet-bulb effectiveness for HMX B, HMX C, HMX D and HMX E are 67.79%, 113.06%, 145.72% and 170.45% more than HMX A. In the study, eight cities were selected with various climates. It was observed that a special HMX could be designed for each climate condition that could lead to comfort conditions. Considering the outcome of the current research, it would be interesting to evaluate the influence of channel length on the system's performance.
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